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Abstract 
Ground Penetrating Radar (GPR) is a shallow, noninvasive, 
geophysical survey technique. It has been used in the past for 
detection and mapping of Light Non-Aqueous Phase Liquids (i.e., 
Hydrocarbons). With the increasing contamination of ground water 
supplies by substances such as hydrocarbons, an inexpensive, 
reliable, and simple geophysical technique such as GPR is a must. 
Although the scientific community knows that GPR works, they do not 
know exactly what contamination zone (i.e., gasoline saturation, 
vapor, etc ••• ) the GPR system actually detects. It is also unknown 
exactly how these different gasoline zones effect the velocity of 
the GPR waves. This thesis presents an overview of 1) the 
fundamentals of GPR, 2) geologic applications, 3) subsurface 
contaminants, and 4) detection of contaminants in the field. These 
sections will be followed by an experiment that tests the ability 
of GPR to detect gasoline in a perfectly homogenous medium. 
GPR Background 
Ground penetrating radar (GPR) has been developed for 
investigations of subsurface objects that have electrical 
properties that are in contrast with the surrounding medium. These 
investigations are shallow (<30m), and high resolution in nature. 
In the field, GPR can be used to gather a large amount of data 
quickly. The mobility of the system and the ease of use in the 
field makes GPR excellent for geotechnical techniques. 
Fundamentals 
Ground penetrating radar is similar to a common "graph fish 
finder" or acoustic sonogram. Electromagnetic waves are produced 
by a transmitter antenna. Waves are then reflected back to a 
receiver antenna and recorded. There are two types of antennas 1) 
bistatic, and 2) monostatic. The components of a GPR system are 
shown in Figure 1. (Daniels, 1989). A bistatic mode antenna is one 
in which there is a separate transmitter and receiver. Monostatic 
mode antennas use the same antenna for both transmitting and 
receiving waves. 
type of antennas. 
2 5Mhz to lGhz • 
Monostatic mode antennas are also the most common 
The frequency produced by antennas range from 
Since high frequency wavelengths are easily 
absorbed, high frequency antennas (>200Mhz) are shielded as to 
direct the signal downward only. Low frequency antennas (<200Mhz) 
are usually not shielded. Both types of antennas can be moved by 
hand or by being towed by some type of vehicle, as long as the 
method of transportation does not effect the GPR signal. The GPR 
system can collect several line-kilometers of data along profile 
lines spaced a few meters (or fractions of meters) apart (Daniels, 
Roberts, 1989). In general, the antennas are identified by its 
center band frequency, for example, 500Mhz, 900Mhz (Daniels, 1989). 
High frequency antennas have lower depth penetration and higher 
resolution. Low frequency antennas have greater depth penetration 
and lower resolution. 
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Figure 1. Operating components and modes of GPR' (a) Generalized diagram of 
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.·operating mode. · · 
(Daniels, 1989) 
Most GPR systems use a time-domain pulse system, and nearly 
all of the systems that are used for engineering and environmental 
applications (including Geo-Centers, GSSI, OYO, and Sensors and 
Software) utilize a time-domain pulse system (Daniels, 1989). The 
advantage of this system is that the received pulse can be 
interpreted immediately with no pre-processing to "clean-up" the 
records. 
The transmitter produces an electromagnetic pulse which 
travels downward until it comes into contact with an object that 
has a different electrical impedance than the surrounding medium. 
Both the transmitted and reflected pulses are then recorded. If 
the transmitted pulse does not encounter an object of a different 
electrical impedance, then only the transmitted pulse will be 
recorded. This distance of wavefront movement is known as the two-
way travel time (Figure 2., Daniels, Roberts, 1994). Two-way 
travel time represents the total time it takes the transmitted and 
reflected wave to travel through the surrounding medium. This 
travel time is in the uni ts of nanoseconds ( ns) , where lns = 1 o·9s. 
The average total recording time is roughly between 10 to lOOOns. 
The record of a single transmitted pulse, and the resulting 
reflections plotted as a function of time and amplitude is called 
a scan (total recording time) (Figure J., Daniels, 1989). 
A GPR record consists of a series of scans that can be sampled 
at 2ns intervals, but this can be reduced to smaller intervals 
using such techniques as ensamble-averaging (Daniels, 1989). Two 
types of GPR recordings traces/scans are shown in Figure 4 
(Daniels, 1989) including: a) wiggle trace display, where the 
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intensity of the received wave at an instant of time is 
proportional to the amplitude of the wiggle, and b) gray-scale 
display, where the intensity of the received wave at an instant in 
time is proportional to the intensity of the gray-scale (i.e. black 
is high intensity, white is low intensity) (Daniels, Roberts, 
1994). These types of records can be displayed depending on the 
operator's own preference. There are several ways of displaying 
the data, some being color displays and printers. 
Detection and Resolution 
Many conditions must be met in order for a buried object to be 
detected by a GPR system: 
1) The transmitted wave must be of a sufficient power to 
reach the buried object and return to the surface to be 
detected by the receiver. 
2) The impedance contrast of the buried body must be high 
enough to cause a sufficient reflection. 
3} The object must be large enough to be detected at the 
specified depth. 
4) Other objects must not interfere with the reflection 
emanating from the buried object. (Daniels, 1989). 
We must remember that some material cannot be penetrated by 
electromagnetic waves (i.e., soils high in clay content). 
Resolution, as stated by Daniels, (1989) is the ability to 
detect and define a buried target. It is also known as the 
capability of distinguishing the top and bottom of a second layer 
in a three layer model. Resolution is dependent on six criteria: 
1) the amplitude in wavelength of the transmitted pulse, 
2) the electrical properties and electromagnetic propagation 
characteristics of the host material, 
3) the complexity of the geology 
4) noise from manmade objects at, or near, the surface, 
5) the depth, shape, and size of the target, 
6) the electrical impedance of the target. (Daniels, 1989). 
There is loss in resolution from things such as depth, multiple 
reflections, antenna ringing, target resonance, interference from 
outside sources, and even from shallow geologic layers. In fact, 
the interference and signal attenuation caused by a shallow target 
may totally mask any reflection from a deeper target (Daniels, 
1989). 
GPR in the Field 
Not unlike other geophysical survey techniques, with GPR, one 
has to have an idea of what they are looking for before starting to 
survey the area. A general list of field procedures that might be 
used is summarized by Daniels, (1989): 
1) Select a test line 
2) Select a means of towing the antennas 
3) Determine the profile or gridline pattern 
4) Calibrate the recorder and electronics 
5) Test the available antennas along the test line 
6) Run the survey 
7) Re-run the test lines 
8) Determine the velocity from the target buried at a known 
depth, or a walk-away test if two antennas are available and 
the material is layered 
9) Measure the near-surface electrical properties with a 
radio frequency probe {if available). These measurements 
should be made on the test line, and at other critical 
locations in the survey area. 
Determination of where to run a test line is one of the most 
important decisions that has to be made. The test line should not 
be located anywhere near surface interference sources 
trees, power lines, railroad tracks, or any other 
utilities, as they might effect the radar {Figure 5). 
such as 
type of 
The test 
line should pass over ground that is typical in topography and 
subsurface conditions present in the projected profile area. 
Running the test line over a target of known depth will be useful 
in determining the velocity. Measuring electrical properties with 
an electrical parameters probe is also useful. Although these two 
means of data gathering are not always available or possible. Test 
lines should be considered as a calibration line that is to be re-
run at periodic times during the day or when any changes in 
equipment are made. 
Calibration of the recorder and the electronics should take 
place while running the test lines. Everything should be checked 
at this time to assure that the data received is correct and clean 
as possible. Running all of the available antennas along the test 
line will also help assure the "cleanest", least erroneous data is 
achievable. 
Figure 5 · GPR record showing noise from passing under a powerline, with profile 
perpendicular to direction of powerline. Apex shown by arrow. Microwave antenna 
noise is also present on the record. (80 MHz, Northern Illinois). 
(Daniels, 1989) 
Selecting a means for towing the antenna is the simplest 
decision to make. It should be towed by something that is not 
going to interfere with the radar. In selecting what to use, the 
topography, the size of the area, and what is being surveyed will 
determine should be used to move the antenna. Usually an mobile or 
some type of ATV will suffice, or if the area is small enough, one 
can move the antenna by hand. 
Deciding on a profile or grid pattern should be the next 
decision made. Of course, money and time are the primary deciding 
factors. The profile lines need to cover the survey site but not 
so much as to over-sample the site. Profile lines should be run 
perpendicular to the trend of the target. If the trend of the 
target is not known then a grid of profile lines must be 
established (See Figure 6., Daniels, 1989). 
The survey is now ready to be run, as long as the area has not 
been determined as a "no-data-area" (i.e., no received reflections) 
(Daniels, 1989). 
After the data has been gathered it is important to re-run the 
test lines to assure that the same results are achieved. This step 
is somewhat similar to "tie-ins" that are done during magnetic 
surveys, but for GPR, these are re-run to check for any changes 
that might occur to the equipment during the survey. 
Sometime during the survey it is important to measure the 
electrical properties of the near-surface with a radio frequency 
probe, both on the test line and in the survey area. This will 
help in the calculation of the dielectric permittivity, wave 
velocity, and depth. 
.... _ 
(a) Profile lines for 2-D targets. (b) Profile lines for 3-0 targets. 
Figure 6 • Surface line setup for: (a) profiles across linear targets, and (b) a grid of 
profiles. 
(Daniels, 1989) 
Determination of the velocity from a buried target at a known 
depth can now be determined by using the following equation from 
Daniels and Roberts, (1994) Depth= two-way travel time/2x(velocity 
of the wave) or by using Velocity = Velocity of a radar wave 
through air/(relative permittivity of the material) 1n 
Data reduction is limited compared to reduction that is 
available to seismic data. GPR reductions are as follows from 
Daniels, (1989): 
1) fairly simple filtering operations to remove unwanted 
noise on a scan-by-trace basis, 
2) stacking (gathering and adding) adjacent scans to reduce 
random noise, 
3) corrections for elevation changes, and 
4) rubbersheeting. 
After all of the above steps have been accomplished, the 
surveyor is now at what could be considered the most difficult 
point of the survey; identification of reflections. Identification 
of significant anomalies on GPR records is a pattern recognition 
process that consists of recognizing features on the records that 
are characteristic of known signatures (Daniels, 1989). 
I dent if iable features on a radar record fall into three main 
categories: 
1) Continuous reflections from horizontally layered 
geologic horizons. 
2) Reflections from two- and three-dimensional objects. 
3) Lateral discontinuities that cause an abrupt change 
in the signal amplitude, diffractions, or a termination of 
adjacent reflections. (Daniels, 1989) 
Continuous, layered, one-dimensional, boundaries are usually 
the most difficult features to identify on a GPR record, unless the 
boundaries are dipping. A reflection from a shallow horizontal 
boundary often interferes with other shallow reflections and 
ringing from the antenna (Daniels, 1989). Reflections from small 
two- and three-dimensional buried objects (buried pipes, lines, and 
barrels, etc.) can be identified by their small, characteristic, 
hyperbolic shapes (Figure 7., Daniels, 1989). 
Lateral discontinuities can cause either a change in the trend 
of the continuous reflections, diffractions, or a change in 
amplitude and phase of the signal. A lateral change in amplitude 
and phase is often associated with changes in the surface impedance 
of the ground (Figure 8., Daniels, 1989). 
Geological Applications 
GPR is used in a variety of different situations, from 
identification of geologic to man-made/caused features. 
Applications fall into three main categories of identification: 
1) host geology, 
2) hydrogeologic features, and 
3) man-placed features. 
These include applications to groundwater, hazardous waste, and 
engineering (Daniels, 1989). 
Applications to the host geology usually include 
investigations for dipping beds, stratigraphic changes, and the 
water table. We must remind ourselves that these features must 
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Figure 7 • GPR record showing reflection from 1.2 cm diameter re-bar buried at a 
depth of 0.5 m (500 MHz, Southern Michigan, Clay soil). 
(Daniels, 1989) 
Figure 8 • Diffractions caused by lateral discontinuity at depth [see arrows] 
(Daniels, 1989) 
produce a large enough contrast in conductivity and dielectric 
constant to yield a high reflection coefficient (i.e. change in 
rock type, porosity, or fluid saturation) (Daniels, 1989). 
In terms of wave penetration, in general, clean sands, glacial 
material, and homogeneous acidic rocks will yield the best 
penetration and resolution (Daniels, 1989). 
Lateral changes in electrical properties at or near the 
surface can cause changes in the transmitted signal and effect the 
entire GPR record (Daniels, 1989). A lateral change in surface 
materials (solids or liquids) is seen on the radar record primarily 
as a change in antenna coupling, which fundamentally effects the 
transmitted pulse and changes the response from reflectors below 
the surface (Daniels, 1989). This is important since GPR is used 
for the detection of hazardous wastes at or near the surf ace. 
Daniels, (1989), shows contaminant spills and their location can 
host a number of different problems (see Figure 9., (Daniels, 
1989). 
Two- and three-dimensional targets generally have hyperbolic 
diffraction patterns. These patterns are caused by the differences 
in travel times due to the shapes of the targets. The tops of the 
hyperbolas are caused by the immediate reflection of the 
electromagnetic waves. The legs of the hyperbolic diffractions are 
caused by the different reflection and arrival times of the 
electromagnetic waves off the sides of the targets. It is 
important to remember the types of diffraction patterns recorded 
from one type of target may not be the same in other survey areas. 
The differences may be in the electrical impedance of the ground, 
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{Daniels, 1989) 
depth of target burial, and as Daniels, (1989) has shown, even 
variations of the water level in a pipe can effect the resulting 
diffraction patterns (Figure 10). The presence of an exact 
reflection from a certain type of target is unrealistic, but there 
is a basic type of target reflection to be found. 
For the investigations in this thesis, the use of GPR was 
confined to the detection and identification of gasoline or 
hydrocarbon spills; including spills that occur at the surface, 
buried above the water table, and at the water table. Before 
moving into detection and interpretation of spills, we must first 
learn about the properties of these contaminants and how they 
behave on and in the ground. 
= 
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Figure 10. water -railed· pipe 
Buried pipe containing various amounts of water 
(Daniels, 1989) 
subsurface Contaminants 
The Environmental Protection Agency (EPA) estimates that over 
95 percent of the estimated 1.4 million Underground Storage Tanks 
(UST) systems are used to store petroleum products (Lyman and 
others, 1992). As a result of these numbers there are thousands of 
hazardous waste spill sites in the United States with organic 
compounds such as trichloroethylene, gasoline, and other solvents 
and fuels (Walther and others, 1986). Obviously these compounds, 
after coming into contact with the water table or with the 
environment pose a large hazard to our environment and especially 
to ground water supplies. Germany, for example, obtains more than 
four-fifths of its drinking water from the subsoil either as 
genuine ground water or as bank-filtered river water (Schwille, 
1967). For each site, an understanding of the contaminant 
distribution and stratigraphy in three-dimensions is necessary for 
proposed cleanup processes (Walther and others, 1986). 
The EPA developed the concept that a substance leaking 
from an UST will be present in the transient between one or 
more locations or settings in the subsurface environment. A 
total of 13 locations, referred to as physicochemical-phase 
loci, were identified. Each of the 13 loci represents a 
point in space and the physical state of the leaked 
substance that together describe where and how these 
contaminants may exist in the subsurface environment after 
an UST release (Lyman and others, 1992). 
After a UST leak has occurred and a contaminant has been 
dispersed it is important to remember that the contaminant will 
move between the different loci at varying rates depending on the 
surface and subsurface environment. Brief descriptions of these 
loci along with a schematic representation can be found in Table 1. 
and Figure 11. from Lyman and others (1992). 
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Table 1 
· Brief Descrlpllons of the 13 Phy11lcochemlcal-Phase Loci 
Locus 
Number 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Description 
Contaminant vapors as a component or soil gas In the unsalurated 
zone. 
Liquid contaminants adhering to "waler-dry" soil particles In lhe 
unsalurated zone. 
Conlamlnants dissolved In the water lilm surrounding soil particles In 
lhe unsalurated zone. 
Contaminants sorbed lo "waler-wet" soil particles or rock surface 
(alter migrating lhrough the waler) In either the unsalurated or 
saturaled zone. 
Liquid contaminants In the pore spaces between soil particles In the 
saturated zone. 
Liquid contaminanls in the pore spaces between soil particles In the 
unsaturated zone. 
Liquid contamlnanls floating on the groundwater table. 
Contaminants dissolved In groundwater (I.e., water In the saturated 
zone). 
Conlaminants sorbed onto colloidal particles in water In either the 
unsaturated or saturated zone. 
Contaminants that have dlltused Into mineral grains or rocks In 
either the unseturated or saluratad zone. 
Contamlnanls sorbed onto or Into soil mlcroblota In either the 
unsaturated or salurated zone. 
Conlamlnants dissolved in the mobile pore water of Iha unsaturated 
zone. 
liquid contamlnanls In rock frncturas In either the unsaluratad or 
saturated zonn. 
(Lyman and others, 1992) 
some terms important to these locations are as follows: 
1) Diffusion - the movement of molecules (usually vapor) 
from an area of high concentration to an area of low 
concentration. 
2) Advection - the movement of the soil gas caused by the 
effects of a pressure gradient exerted on the soil gas. 
3) Colloidal particles - electrically charged particles 
(usually negative) that may be comprised of small solid 
particles, macromolecules, small droplets of liquids, or 
small gas bubbles. 
4) Biodegradation - microbial organisms transform and alter 
the structure of contaminants that are introduced to the 
environment by enzymatic action. 
5) Volatilization - The transfer of a contaminant from the 
liquid phase to the air phase. 
A hydrological sub-division of the subsoil is illustrated in 
Figure 12. from Schwille, 1967. 
All of the following loci information comes from Lyman and 
others, (1992). 
Locus no. 1 contains contaminant vapors as a component of soil 
gas located anywhere in the unsaturated zone. The unsaturated zone 
is located anywhere above the water table, no matter what other 
structures may be present. The contaminants in this locus are 
quite mobile, moving via: a) diffusion through air pores (a 
concentration gradient-driven process), b) advection - which may be 
driven by density gradients, barometric pressure pumping, or sweep 
flow from in situ gas generation. Locus no. 1 originates from loci 
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(Schwille, 1967) 
nos. 5, 6, and 7. The volatilized contaminant may then divide to 
locus no. 2 and 4. It may also dissolve into the water found in 
loci nos. 3, 12, and 8. Most loss of locus no. 1 comes from venting 
to the atmosphere. 
Locus no. 2 contains liquid contaminants adhering to "water-
dry" soil particles in the unsaturated zone. The contaminant in 
this location can be found as a continuous phase (e.g., in a spill 
front) or as a discontinuous phase (e.g., separate droplets), 
adhering to soil surfaces. Either phase is highly mobile from the 
effects of gravity, barometric pressure, water infiltration, and 
capillary tension. Locus no. 2 can greatly effect other loci 
depending on the amount of porosity present. Volatilization into 
locus 1, and dissolution into locus nos. 3 and 12 are the main loci 
effected by locus no. 2. 
Locus no. 3 is made up of contaminants dissolved in the water 
film surrounding soil particles in the unsaturated zone. These are 
relatively immobile water films that can be found in a well-drained 
soil. This locus may intermix or advect with locus no. 12, 
volatilize into locus no. 1 and, sorption to locus no. 4 may also 
take place. This may seem like an unimportant loci but it may 
actually pose many problems. These problems include long retention 
times of the contaminant, contaminant loss due to bacterial action 
being reduced, and vacuum extraction is greatly impaired. 
Locus no. 4 includes contaminants sorbed to "Water-Wet" soil 
particles or rock surface (after migrating through the water) in 
either the unsaturated or saturated zone. In this loci it is 
necessary for the contaminant to be first dissolved in water and 
then secondly to be sorbed into the soil or rock surface. The 
contaminants are absorbed into a thin layer of naturally-occurring 
organic matter surrounding the soil particles, or absorbed in a 
thin layer to exposed mineral (e.g., clay) surfaces. These 
contaminants are therefore considered to be immobile, and are 
limited by the initial dissolution process. Locus no. 4 interacts 
with many of the other loci when hydrocarbons are sorbed onto soil 
surfaces, Table 2 lists the interactions of locus no. 4. The only 
process that is not considered significant is volatilization into 
the soil gas. 
Locus no. 5 contains contaminants in the pore spaces between 
soil particles in the saturated zone. The contaminant in this loci 
is in the form of a liquid and it may either be the "Water-Wet" 
configuration (i.e., particle surfaces wet by water) or the "Oil-
Wet" configuration (i.e., particle surfaces wet by oil); no air is 
present. The contaminants are likely to be present as a 
discontinuous phase, derived from a fluctuating water table level. 
continuous phases are found to be a more likely contaminant such as 
tetrachloroethylene or PCBs. The liquid contaminant in locus no. 
5 is considered to be relatively immobile and dissolution is the 
principle loss mechanism, due to density differences, buoyancy 
forces, and entrainment forces due to moving groundwater. Loci 
interactions of locus no. 5 can be found in Table 3., these list 
the processes, phases in direct contact, interacting loci, and the 
relative importance of each interaction. 
Locus no. 6 contains liquid contaminants in the pore spaces 
between soil particles in the unsaturated zone. These contaminants 
Table 2. Loci Interactions with Hydrocarbons Sorbed onlo Soll Surfaces 
Process 
Mobility 
Oirtuslon 
Oesorplion 
Immobility 
Sorptlon 
Phases 
In Contacl 
Wet soll 
Wet Soil 
Rock. 
Interacting 
Loci 
3, 8, 9, 
11, 12 
3, 8. 9, 
11, 12 
10, 13 
(Lyman and others, 1992) 
Table 3. Loci Interactions with Residual Liquid Contaminant In 
Groundwater 
Phases In 
Process Direct Contact• 
Mobility 
Dissolution 
(Phase separation) 
Bulk Transport 
(Displacement, 
Entrainment) 
Immobility 
water 
water 
wet soil 
rock 
rock 
liquid hydrocarbon 
Interacting 
Loci 
8 
8 
4 
10 
13 
7 
Relallve 
Importance 
Modest 
High 
Low 
Relative 
Importance 
high 
high 
moderate 
very low 
high 
high 
Sorplion wet soil 4 moderate 
rock 13 low 
Wetting Conditions water 7, 8 moderate-high 
a. Biota (locus no. 11) are potentially in direct contact with all phases. 
(Lyman and others, 1992) 
are in the "Water-Wet" configuration, (i.e, no substantial contact 
between liquid contaminant and the surfaces of the soil particles). 
Soil air is present and liquid contaminant-air interfaces exist. 
The mobility of liquid contaminants in this locus depends on the 
volume of the spill, its physicochemical properties, and the 
hydraulic properties of the porous medium (e.g., hydraulic 
conductivity, kinematic viscosity, and capillary tension). If a 
spill front from a large spill passes through the unsaturated zone, 
the contaminants may form a continuous phase. After the spill 
front has passed, a discontinuous phase is much more likely. 
Interactions of locus no. 6 includes volatilization to locus 
no. 1 as the primary mechanism for partitioning. Loci nos. 3 and 
12 may receive dissolved liquid contaminant from no. 6. 
then attenuate to soil particles of loci nos. 2 and 4. 
This may 
If the 
contaminant is in a large enough quantity or if it is mobile, it 
may move to loci nos. 7 and 8. 
Locus no. 7 is made up of liquid contaminants floating upon 
the water table. Therefore the contaminant is less dense than 
water, although some high density liquids may also float upon the 
water table. If the amount of the contaminant is of sufficient 
quantity it may deflect the water table downward, this usually 
occurs directly below the leak. From this point the liquid 
contaminant will move laterally under the pressure of its own 
weight, or it will move down a sloping water table. A summary of 
loci interactions can be seen in Table 4. Locus no. 7 consists of 
the bulk of the liquid contaminant and is able to effect all of the 
other loci as it is highly mobile (shown in Table 4) especially 
Table 4. 
Interacting 
Locus 
1 
2 
3 
5 
6 
8 
10 
11 
12 
13 
Loci Interactions with Liquid Contaminant Floating on 
Groundwater 
Phase 
Contacted 
air 
dry solid 
water 
water & solid 
solid 
water 
solid 
biota 
water 
voids 
Transfer 
Process 
volatilization 
adhering 
dlssolutlon 
adhering 
adhering 
dlssolutlon 
adsorption 
sorptlon 
dlssolutlon 
bulk transfer 
(Lyman and others, 1992) 
Relative 
Importance 
high 
high 
moderate 
moderate 
high 
high 
low 
moderate 
moderate 
high 
nos. 1, 2, 6, 8, and 13. Losses are due to volatilization into air 
soil, dissolution into soil water, capillary retention, and 
dissolution. 
Locus no. 8 includes contaminants dissolved in groundwater 
(i.e., water in the saturated zone), or groundwater contaminated 
with dissolved pollutants. Not to be confused with dissolution 
which is the process that takes place in loci nos. 2, 6, 7, and 5. 
In the saturated zone the contaminant is in a continuous phase and 
is highly mobile. The contaminant may flow in the vertical and 
horizontal directions. Flowing groundwater may carry the 
contaminant up to several kilometers from the site of the leak. A 
summary of loci interactions for locus no. 8 can be found in Table 
5. Losses can be attributed to volatilization {loci no. 1), bulk 
transport (loci nos. 4, 10,and 13), and dissolution (loci nos. 2, 
4 , 5 , 6 , and 9 ) . 
Locus no. 9 contains contaminants sorbed onto colloidal 
particles in water in either the unsaturated or saturated zone. 
This locus is considered important in the fact that it allows for 
the mobilization of strongly-sorbed contaminants that would 
otherwise remain immobile due to sorption on a stationary phase. 
Loci interactions include 3, 5, 6, 7, 8, and 12 with attachment of 
contaminants onto colloidal particles in groundwater. Bulk 
transport into the locus occurs from locus nos. 3, 5, 6, 7, 8, and 
12. 
Locus no. 10 is defined as contaminants that have diffused 
into mineral grains or rocks in either the unsaturated or saturated 
zone. Capillary tension drives the contaminant into 
Table 5. 
Loci Interactions with Hydrocarbon Dissolved In Groundwater 
Process 
Mobility 
Dissolulion 
Bulk Transport 
(advection and 
dispersion/ 
diffusion) 
Volatilization 
Immobility 
Sorption 
Phases In 
Contact• 
wet soil 
liquid 
hydrocarbon 
liquid 
hydrocarbon 
wet soil 
rock 
air 
wet soil 
rock 
. 
Interacting 
Loci 
4 
5.7 
5,7 
4 
13 
1 
4 
10,13 
a. Biota (locus no. 11) are potentially In contact with all phases. 
(Lyman and others, 1992) 
(WATERJ 
~ PHASE 
3 • OISSOL.VEO IN SEPAl\ATION 
WATER flLM --+---
8 • OISSOL. VED IN 
GROUNDWATER 
2 • OISSO'.VED IN DlSSOlUTION 
M081lE POl'IE 
W41:A 
!SOil GAS) 
~
1 ·CONTAMINANT VAPons 
LOCUS NO. 10 
(CONTAMINANTS DIFFUSED 
INTO !l.IN€1\AL Gl1AlNS OR 
R0Cl(S IN UHSATUl\ATED 
OR 51.TURATED ZONE) 
Relallve 
Importance 
low 
high 
high 
moderate 
moderate-high 
low 
low 
low 
(llOUID CONTA .. NANTS) 
~
2 • All'iERING TO "WATER-
ORr PARTICLES IN UN· 
SATUl\ATED ZONE 
5 ·IN PORE SPACES IN 
SATURATED ZONE 
3·1NAOCl<FRAC~S 
0£PURATION 
DIFFUSION 
(BIOTA) 
~
ISORBED CONTAMINANTS) 
~ 
4 • SOll8ED TO "WATER-WET" 
SOIL PARTICLES 
11. SOAllED T08IOTA 
Figure 13 . Schematic representation of Important transformation and transport 
processes affecting other loci. 
(Lyman and others, 1992) 
microfractures, micropores or into thin spaces between mineral 
layers (e.g., clay platelet). Diffusion causes the contaminant to 
penetrate mineral crystals or amorphous solids. Loci interactions 
are extensive and can be found in Figure 13. 
Locus no. 11 involves contaminants sorbed onto or into soil 
microbiota in either the saturated or unsaturated zone. Organic 
chemicals can be sorbed by soil microbiota by several mechanisms: 
1) sorption to the exterior cell membranes or to excluded 
extracellular material; 
2) molecular transport across the cell membranes into the 
cells' cytoplasm; or 
3) ingestion of particles or liquid droplets. 
Soil biota include bacteria, fungi, and yeasts, but only aerobic 
degradation is considered important for hydrocarbons. The 
concentration of biota in soil drops off significantly with 
increasing depth. The unsaturated zone is probably much more 
important than the saturated zone for biodegradation of 
hydrocarbons, but this is ultimately controlled by the environment 
in which the UST leak takes place. The controlling factor in 
biodegradation is found in the presence and availability of oxygen 
in the subsurface. 
Locus no. 12 contains contaminants dissolved in the mobile 
pore water of the unsaturated zone. This includes water occupying 
a large fraction of the total porosity of the soil at certain times 
or places (e.g., after a heavy rainfall or above the capillary 
fringe). Dissolved contaminants, in the pore water, are moved by 
capillary tension and gravity. The primary mechanism for 
partitioning into locus no. 12 is from dissolution of a liquid 
contaminant in locus no. 6. contaminants may also: 
a) partition into the air phase of locus no. l; 
b) soil particles may attenuate contamination 
by retardation and sorption (loci nos. 2 and 4); 
c) migrate vertically, contaminating the groundwater 
(locus no. 8) and; 
d) aided by mobile colloids (locus no. 9). 
Locus no. 13 includes liquid contaminants in fractured rock or 
karstic limestone in either the unsaturated or saturated zone. 
Rocks with fracture zones or dissolution zones are typically very 
permeable, leaked product can travel very quickly from the spill 
site. Figure 14. shows a schematic representation of the major 
interactions among locus no. 13. The liquid contaminant is highly 
mobile and will interact with almost all other loci. The 
contaminant in this locus interacts in a variety of ways: 
a) diffusion into loci nos. 2, 5, or 6; 
b) gather as a free product lens (locus .no. 7); 
c) contaminant may absorb onto the rock face (locus no. 4); 
d) contaminant may be absorbed to micells travelling through 
the fractures (locus no. 9); 
e) biodegradation and inorganic transformations may occur in 
this locus; 
f) volatilization (locus no.1); 
g) contaminants dissolved in water (locus nos. 3, 8, or 
12). The interactions with loci no. 13 as stated before are 
shown in Figure 14. 
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processes affecting other loci. 
(Lyman and others, 1992) 
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(Schwille, 1967) 
Looking at the migration of a spill in a larger picture, 
Schwille, (1967), groups the migration of "oil" (referring to crude 
and its liquid derivatives) into three phases: 
a) Seepage - principally downward vertical movement of oil 
in the unsaturated pore spaces; 
b) Lateral spread - migration along the border between the 
unsaturated and the saturated pore space or on stratum 
surfaces, mainly horizontal: and 
c) Drift the passive movement, on the groundwater 
surface, of the body of oil which is still spreading, or has 
already attained its maximum lateral extent. 
(The three phases are shown in Figure 15. of Schwille, 1967) . 
Transitional locations between these three phases are listed within 
the 13 loci above. 
Detection of Contaminants in the Field. 
The detection of organic contaminants has been proven with 
only three geophysical techniques conductivity, complex 
resistivity, and ground penetrating radar; although none of the 
techniques works successfully in all environments (Olhoeft, 1986). 
Ground penetrating radar (GPR), has been shown in a variety of 
laboratory experiments and real-life uses to be a valuable 
technique for detection of many subsurface contaminants. GPR works 
like most electrical geophysical methods. The system is able to 
pick up the different electrical properties present in pore spaces 
that are filled with air, groundwater, and contaminants. The 
presence of hydrocarbons and organic chemicals bring about 
significant changes in the electrical properties of soils in the 
GPR frequency band of lOMhz to lGhz, and detection of free product 
gasoline using GPR is possible (Redman, and others (1991). GPR 
will readily measure the presence of water-insoluble contaminants 
that float on the water table, and it · is able to map some 
hydrocarbon contaminants {Olhoeft, 1986). 
Most literature on the topic of subsurface contaminants groups 
them into two groups: 
1) DNAPLs - Dense Non-Aqueous Phase Liquids. 
2) LNAPLs - Light Non-Aqueous Phase Liquids. 
DNAPLs, are highly unpredictable due to their density, low 
viscosity, and low solubility, and will penetrate through the water 
table and may flow along with the groundwater. At the same time 
dissolving into a highly toxic state. For geophysics, DNAPLs can 
also be considered as nonconducting, nonpolar materials that 
increase formation density, and decrease conductivity and 
permittivity {Annan and others, 1991). Immediately one should 
realize that there will be obvious differences in the dielectric 
records of the two zones, which should in turn show up on the GPR 
records, although it is stated by Annan and others, (1991) that 
DNAPLs are difficult to detect in the subsurface. 
In zones where DNAPL pooling has occurred large changes {on 
the order of 20%) have been observed in the dielectric 
permittivity, and it also produced detectable radar reflections 
{Redman and others, 1991). This radar reflection can be attributed 
to the fact that the presence of a DNAPL will reduce the dielectric 
permittivity of the soil and increase the wave propagation 
velocity. On the other hand, it is important to remember that an 
increase in the dielectric permittivity will cause a decrease in 
propagation velocity. Redman and others, (1991), also stated that 
reflection travel time decreased by about 5ns during the time that 
they surveyed a spill site. 
LNAPLs contaminants are reasonably predictable, less dense 
than water, and usually pool on top of the water table. These 
highly volatile contaminants (gasolines) evaporate rapidly. Being 
heavier than air, they form a jacket of hydrocarbon vapors (or 
evaporation envelope) that can be found in the large pores directly 
above the capillary fringe (Figure 16. Schwille, 1967). It should 
be noted that LNAPLs may sometime penetrate the water table due to 
the subsurface environment or the amount of the liquid spilled, and 
they will flow on top of the water table (Figure 17., from Dietz, 
1967). Bruell and Hoag, ( 1986) state that vapor diffusion is 
significant in the movement of gasoline-range hydrocarbons within 
groundwater systems, especially within the vadose (unsaturated) 
zone. 
Figure 18. from Daniels, (1989) shows two GPR lines and a 
product-thickness map from a survey area where gasoline has leaked 
from storage tanks on the surface. 
Arrows on the product-thickness map show the 
theoretical direction of product flow towards collector 
wells. The interpretated water table is located at a depth 
of approximately 60ns. Zones on the radar records 
containing numerous small scattering anomalies are 
interpreted as the locations for maximum product. This 
interpretation is based on the hypothesis that the gasoline 
product is accumulating in small localized "pods", which act 
to scatter the radar signal. Hence, most of line 6 is free 
of large quantities of product at the surface of the water 
table, while most of line 3 contains product above, or near, 
the water table. It should also be noted that contaminated 
fre• groundwater level 
. . . . . diffusion zone 
-
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water is continously being sprayed into the air in the 
region marked "spray" on line 3 (Daniels, 1989). 
Figure 19. from Olhoeft, (1989) is a portion of a GPR record 
from a spill site in Minnesota. An observer of the record should 
be able to immediately notice that the right and left sides of the 
record are definitely different. The left side of the record is 
illustrative of the normal reflection of the site. The right side 
of the record is almost featureless, due to the oil that is 
floating on the water table. The oil and the material that it is 
saturating (mostly glacial outwash) have nearly the same dielectric 
permittivity and electrical conductivity. Therefore, little or no 
contrast exists to allow the radar to measure changes (Olhoeft, 
(1989). At first this sounds bad, in terms of using radar for 
hydrocarbon detection, but by looking at the left side of the 
record one sees that there are large contrasts. These contrasts 
are caused by differences in porosity, and in the amount of water 
content in the outwash. Thus, these changes are detectable to the 
radar. In other words, GPR measures differences of dielectric 
permittivity and conductivity. Approximate conductivity and 
dielectric values of some materials are shown in Table 6. from 
Beres and Haeni, {1991). As a reminder, low conductivity materials 
result in wave penetration of up to 30m (i.e., glacial outwash), 
and high conductivity materials result in low wave penetration <3ft 
(i.e., soil high in clay content). High clay content also causes 
high permittivity thus, low wave propagation velocity and 
penetration. Low clay content results in low permittivity, thus 
high wave propagation velocity and penetration. The example from 
Olhoeft, (1986) should also make it apparent that not only is GPR 
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Table 6 · Approximate Values of Conductivity 
and R•latlve Olelectr1c PennlHIYltv 
for Selected Materlalt 
Material 
Air 
Pure water 
Sea water 
Fresh-water ice 
Sand (dry) 
Sand (saturated) 
Silt (saturated) 
Clay (saturated) 
Sandstone (wet) 
Shale (wet) 
Limestone (dry) 
Limestone (wet) 
Basalt (wet) 
Granite (dry) 
Granite (wet) 
co,,ductfrity 
(mlros per meter) 
0 
I0-4 to 3 x w-2 
4 
IO-J 
w-1 to w-J 
10_. to w-J 
IO_, lo IO ·J 
w-• to I 
4 x w·2 
w-• 
w-• 
2.S X I0-2 
w-2 
JO"' 
'°_, 
Relative dielectric 
permittivity 
I 
81 
81 
4 
4 to 6 
30 
10 
8 to 12 
6 
7 
7 
8 
8 
s 
7 
(Beres, Haeni, 1991) 
a useful tool in detection of contaminants, but it is also 
excellent for illustrating the hydrogeology and structure of the 
subsurface. 
The following experiment was conducted at the Ohio State 
University, behind the Electroscience Laboratory during the month 
of March, 1994. The experiment is a portion of a larger experiment 
being conducted by David Grumman, a Masters student at The Ohio 
State University. 
Purpose of Experiment 
The purpose of the following experiment is to test the results 
of a Ground Penetrating Radar (GPR) system in a controlled 
hydrocarbon environment. This experiment was conducted in order to 
answer questions regarding exactly which contaminant zone the GPR 
system actually detects {i.e., gasoline saturation, vapor, 
etc .•• ). The experiment was designed so an acrylic tank of sand 
could be changed from containing dry sand, to containing sand and 
free-product gasoline, to containing sand, gasoline, and water. 
Each environment was surveyed to determine if the GPR would detect 
the gas saturated zone, gas capillary fringe, or gasoline vapor 
above the unsaturated zone. Water was then added to observe the 
resulting effects on the GPR records. Changes in wave velocity, 
dielectric permittivity, and conductivity were expected to be 
observed on the GPR record. Therefore, due to the above changes, 
resolution, wave penetration, and reflections should also show some 
type of effect. 
Experimental Methods 
A clear acrylic tank with the dimensions of 4ft.x Jft.x 4ft. 
was constructed in order to hold a homogenous sand mixture {Figure 
3 fill tubes 
connected to bottom 
of tank. 
Figure 20. Illustration of sand tank 
that was constructed for the 
experiment 
... 
Funnel for 
liquid fill. 
20). The acrylic was purposely chosen as the tank material to 
enable one to see exactly where the zones of saturation, vapor, 
etc., occurred. The tank was also equipped with three separate 
valves located on the bottom panel. These valves were connected to 
three hoses which enabled the experimenters to fill the tank (with 
gas and water) from the bottom up. Small screens were placed over 
the valve openings to keep the sand mixture from entering. The 
bottom of the tank was also kept from coming into contact with the 
ground by being placed into a wooden cradle. 
The tank was first filled evenly with 1-1.5 inches of pebble-
sized gravel. The rest of the tank was then filled with a dry, 
coarse to very coarse grained sand. The sand was packed down with 
a flat sledge, roughly every 8-9 11 (inches). The top 1 and 1/2 feet 
was not packed with the sledge. The top was then smoothed-out and 
another thin sheet of acrylic was placed on top to keep any 
unwanted moisture from entering the system. The framing on the top 
of the tank was slotted to ensure the antennas would pass over the 
same profile lines during each phase of the experiment. The 
framing on the side of the tank was fitted with shelving brackets, 
also in order to ensure the same lines were being surveyed. A line 
(i.e., fishing line) was used to connect the antenna and pull it 
across the tank and at the same time, trigger the recording system. 
The tank was then left to equalize overnight. 
Two antennas (a 500Mhz and a 900Mhz) were used for the 
experiment. First, test and calibration lines were run in order to 
assure the equipment was working properly and the data was "clean" 
as expected. Calibrations were executed by holding the antennas to 
the side of the tank and approaching the opposite side with a metal 
target. These calibrations proved useful in determining the 
velocity of the material for the radar wave, permittivity of the 
material, and in locating exactly where the back of the tank was 
located on the GPR records. Calibration lines were also run by 
moving the antennas and targets from the top to bottom of the tank 
vertically. These were run to observe any changes that occur from 
the top of the tank to the bottom of the tank. After both antennas 
were calibrated and test lines were run, the 500Mhz antenna was re-
calibrated and the survey began. First, depending on which antenna 
was used, roughly 22-29 lines on the top of the dry sand tank were 
run. Secondly, approximately 16-18 lines on the side of the tank 
were run. Next, the 900Mhz antenna was calibrated and the survey 
followed the same procedures as for the 500Mhz antenna. 
Fifteen gallons of gas were added to the tank system from the 
valves and tubes located in its bottom. Even though the gas filled 
from the bottom up, the tank was allowed to equalize overnight. 
After equalization, gasoline saturated roughly 1-1.5 11 of the tank, 
with a o. 5" capillary fringe above the saturation zone. Both 
antennas were calibrated again utilizing the exact method as 
before, and the survey lines were conducted. During the testing, 
it was observed that a strong gasoline vapor was escaping from 
under the top sheet of acrylic, indicating the gasoline was 
undergoing movement by diffusion and advection (see description of 
locus no. 1). 
Fifteen gallons of water was then added to the system through 
the valves and tubes located in the bottom of the tank. The tank 
system was then allowed to equalize overnight. Dye was placed into 
the added water, but it was only noticeable in the gravel located 
in the bottom of the tank. Addition of the dye was done in an 
attempt to show separation of the water saturated zone and the 
gasoline saturated zone. After equalization, it was estimated that 
water saturated 1. 5-2. 5" of the bottom of the tank. Since gasoline 
is less dense than water, the 1-1.5" of gasoline was floating on 
top of the water table. A small capillary fringe (approximately 
0.5"} was also observed. Antennas were once again calibrated and 
the survey lines were executed. 
Another thirty gallons of water was added, but this time from 
the surface of the tank in an attempt to produce a slug. The test 
resulted in a large amount of water percolating down through the 
sand, gas, and water. This inevitably resulted in displacement of 
the gas floating on the water and possibly some "mixing" of the gas 
and water. Calibrations were conducted as before, 
lines were run, also (as before} with both antennas. 
then survey 
The tank was 
allowed to equalize overnight and another set of lines were run the 
following day. 
The water saturation was located in the bottom 6-7", followed 
by a 4" capillary fringe (most likely containing water and gas}. 
After survey lines were run on this last test, a dielectric probe 
was used in order to compare the measured and calculated dielectric 
permittivity values. The measured dielectric values are located in 
Tables 7 and s. 
At the end of the experiment, the equipment was packed and the 
contents of the tank were emptied into a hazardous waste container. 
Estimated Conductivity and Dielectric Permittivity at 40 MHz only, Probe Holes #1 & 112 
40MHz 
Probe Hole #1 
Depth 
5" 
8" 
11" 
18" 
21" 
24" 
29" 
35" 
41" 
45" 
Conductance (m-mhos/m) 
Re( 040 J· JO) 
14.877 
14.489 
18.314 
19.227 
18.772 
19.223 
13.794 
22.673 
22.65 
28.23 
Table 7. 
40MHz 
Relative Permittivity 
Rc(t401 
11.088 
10.943 
13.138 
13.942 
13.735 
13.529 
10.97 
15.068 
15.549 
19.076 
Probe Hole #2. Conductance (m-mhos/m) Relative Permittivity 
(ignore '60 MHz' references) 
Depth W. Ja3 ~ 
6" 
12" 
18" 
24" 
30" 
36" 
42" 
46" 
Re(a60 
7.837 
Reim<> 
7.272 
7.388 7.322 
7.216 7.445 
6.472 6.908 
8.155 7.899 
23.202 14.828 
33.38 19.618 
27·.748 18.123 
Table 8. 
The stored raw data was then transferred to The Ohio State 
University geophysics lab for processing. The data was processed 
on programs developed by Dr. Jeffery J. Daniels and his graduate 
students at The Ohio State University. 
Interpretation and Conclusions 
The calibrations were the first data set to be processed. 
These calibrations proved to yield the most useful information 
about the characteristics of a GPR signal through certain medias. 
Calibrations for the SOOMhz and 900Mhz antennas are located in the 
following Figures. Parameters for the calibrations are located in 
the Tables immediately following these Figures. The equations used 
for calculation of two-way travel time, wave velocity, and 
dielectric permittivity are as follows. Two-way travel time (t2}; 
t 2 = (Total range of scan / Total sample (inches}) x change in 
samples (inches), t 2 units in nanoseconds (ns). Velocity (V}; 
V = (2 x Distance (meters} / t 2 ] x [1/lxlO~], V units in meters per 
second (m/s). Dielectric permittivity (Er}i Er= (Speed of light in 
free space / V) 2 • 
Figure 21 shows the GPR signal received, in dry sand, for the 
500Mhz antenna and Figure 22 for the 900Mhz. Both records show 
there are strong reflections present from the metal target at the 
back side of the tank. Tables 9-10 illustrate the parameters of 
the calibrations, including two-way travel time in nanoseconds 
(ns), velocity at 108 m/s, and the calculated dielectric 
permittivity. on comparison, it should be noted that both antennas 
yield excellent results. The two-way times, velocities, and 
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FleNarN 
DCorr.t 
lblg9(nl) 
=~ 
1-~ 
cucrr 
TopSCmple 
~
Bonom SClrT1)le 
Dllplayed 
!Unb9f0f 
~iace 
Two-Wai 
lme(l"ll) 
Velodly Cm/a) 
Clelectllc 
Pelmtttvlly 
FleName 
OCOffat 
Range <ns> 
Upper~ 
Cutotl 
Lower Ampltude 
CUtotl 
Top Semple 
Obplayect 
Bottom Sc:mple 
Obplayect 
Nu'n:lel'OI 
Samples/Trace 
Two-Woy 
lime (ns) 
Veloclty (m/s) 
Olelec:tllc 
P«lrittlvlty 
eol500d.parm FlaNama cOl!iOOd.poim 
32767 
23 
196 
60 
118 
1023 
1024 
14.327 
1.276"108 
5.52 
OCOfflet 37167 
Range (ns) 23 
~ Arr¥>llude 60 CufOtr 
.__~ 
QJtorr 196 
TopSCmple 
CllsPlcJV9d 118 
Bottom Sc:mple 1023 ~
~Of 1024 ~rooe 
Tlolo-Woy 
1me (ns) 14.327 
Veloclly (mfs) 1.276"10 8 
Oleleclllc 
P9nril1Mly 5.52 
Table 9. Parameters for 
SOOMhz antenna for dry sand 
cal900d.parm RleNcme cal900d.parm 
32767 
32.6 
176 
80 
99 
1023 
1024 
14.258 
1.282"108 
5A5 
OCOfflet 32767 
Range (ns) 32.5 
~Arr1lllude 176 
lower~ 
CUIOIT 80 
TopSc:mple 
Olsplay9d 99 
Bonom Sc:mple 
[)lsplayed 1023 
flkmberOf 1024 ~rooe 
Twf>Woy 
1me (ns) 14.258 
Veloclly (mfS) 1.212·10 8 
Olelec1lle 5A5 PennttMly 
Table 10. Parameters for 
900Mhz antenna for dry sand ' 
. 
dielectric permittivities are essentially the same for both 
antennas (note differences in range for Figures 21 and 22). 
With the addition of 15 gallons of gasoline, noticeable 
differences show up on the GPR records. As the antennas are moved 
down the side of the tank, contrasts in wave velocity and 
dielectric permittivity become more apparent. Figures 23-25 and 
Tables 11 and 12 illustrate the differences in wave velocity and 
dielectric permittivity. The records from the top of the tank are 
essentially the same as found in the 500Mhz and 900Mhz dry sand 
calculations. The bottom of the tank (i.e., gas saturation} now 
yields wave velocities in the order of 5. oox106 m/s faster than what 
is found in the dry sand. No doubt this result is directly related 
to the dielectric permittivity (Er} of the two medium. In short, 
for the 900Mhz antenna, gasoline saturated sand (i.e., bottom) Er 
= 5.06, dry sand (i.e., top} Er= 5.44 (Table 11}; for the 500Mhz 
antenna, gasoline saturated sand Er = 5.06, dry sand Er = 4.40 
(Table 12}. It should be noted that, the dielectric permittivities 
are somewhat different for the two antennas. Figure 25 illustrates 
how the velocities, thus travel times (i.e., reflections} are 
affected as the antenna moves from the bottom of the tank to the 
top (i.e. left to right). The record appears to be caused by 
dipping stratigraphic beds, but is actually caused by increased 
wave velocities in the bottom of the tank. 
The introduction of water to the system also greatly 
influenced the velocities and dielectric permittivities, thus 
arrival times of the waves. Velocities were reduced on the order 
of 5. 73x107 m/s as the antenna was moved from the bottom of the tank 
-• 
.!!. 
ii 
t:: 
Dlataaoe (m) 
Cal-1; 900 Mils Ga• laa4: TOP Dlftanee (m) C.l-1: llOO MHz Ga• Sand: MIDDLI 
a) top calibration of 900Mhz 
antenna for gas & sand b) middle calibration of 900Mhz antenna for gas & sand 
! 
• ! 
c) bottom calibration of 900Mhz 
antenna for gas & sand 
Di.lance (m) 
Cal-I: 100 llHs Ga• land: BOTTOM 
Figure 23. 
FleNCll'n9 c:alllODgl~ TOP 
DCOftlet 31000 
Aange(rw) llO 
:m~ 166 
.._~ 
CUlofr 90 
TepSCimple 
DlilPlo'l'9d 0 
llottcm~ 
DilplclY9d um 
tunberOt 102' ~race 
Two'Nay 
lma(nl) 1-i.229 
Velodly (rn/t) 1..28"108 
Olelectllc SM Pennlt1Mly 
a) top parameters of 900Mhz 
antenna for gas & sand 
FleName cal900g1 .pami 
Bottom 
OCOflset 31000 
Rono• (111) llO 
Upper Ampllude 
eutotr 166 
.__ Ampllude 
Cutoff 90 
Tep~ 
0 Ollployed 
Bottom Sofl¥)le 
Ollployed 1023 
Nl.nlberOI 1024 SamPes/Troce 
~~ 13.725 
v.iocav (rn/t) 1.33•10 8 
oi.tectllc 5.06 PtlrrNttlvlly 
c) bottom parameters of 900Mhz 
antenna for gas & sand 
FleNcme cal900gl.pann 
·Mickle 
DCOl'llet 31CXX> 
Raioe<rw> llO 
~~ 166 
Lower Arl"C)llUde 
CUloll' 90 
Tep~ 
Clllplayed 0 
Battorn~ 
Ollpbyed 1023 
l'UTD!rOt 1024 ~tace 
TWl>Wav 
Dnl!t (nl) 1•.313 
Veloclly Cmfl) 1.27°10 8 
Clelee1llc 5.51 PennllMy 
b) middle parameters of 900Mhz 
antenna for gas & sand 
. 
Table 11. 
-• 
.! 
i 
i: 
Dlirtanee (m) 
Cal: SOO lfHs Ila• Sand: TOP 
-• 
.! 
s ;::: 
Dl•tanee (Ill) 
Cal: 500 Miis Ou !land: MIDDU: 
a) top calibration of 500Mhz 
antenna for gas & sand 
b) middle calibration of 500Mhz 
antenna for gas & sand 
Distance (m) 
Cal: SOO MHz Oa• Sand: BOTTOM (Repeal) 
c) bottom calibration of 500Mhz 
antenna for gas & sand 
Figure 24. 
FleName cot500g.parm Top 
DC Offset 32767 
Range(ns) 50 
~Ampltude 196 
Lower Ampltude 
Cutotf 60 
Top Semple 
Displayed 0 
Bottom ScmlJle 
Displayed 1023 
M.mberot 1024 Samples/Trace 
l'tNC;Woy 
Tille (ns) 13.72 
Veloctty (m/s) 1.333·10 8 
Dielectric 5.06 Permittivity 
a) top parameters of 500Mhz 
antenna for gas & sand 
Ale Name cal500g.porm Middle 
DC Offset 32767 
Range (ns) 50 
Upper Amplltude 196 Cutoff 
Lower Ampllfude 60 Cutoff 
Top Sample 0 Displayed 
Bottom Sample 
Displayed 1023 
Number Of 1024 Samples/Trace 
Two-Woy 13.529 llme (ns) 
Veloclty (m/s) 1.351·10 8 
Dielectric 4.93 Permittivity 
b) middle parameters of 500Mhz 
antenna for gas & sand 
Fie Name cal500g 1.porm Bottom (Repeat) 
DC Offset 32767 
Range(ns) 50 
Upper Ampltude 
CUtoff 196 . 
Lower Ampltude 
CutOff 60 
Top Semple 
~played 0 
Bottom Sample 
Dis played 1023 
M.mberot 1024 Safl'1)1es/Troce 
TwcrWoy 
TWne (ns) 12.795 
Velocity Cm/s) 1.'129.10 8 
Dielectric 4.40 PermlttMty 
·c) bottom parameters of 500Mhz 
antenna for gas & sand 
Table 12. 
I 
m.tance (m) 
Cal: 000 llHa Ga• Sand: BOT• )TOP 
Dl9tance (m) 
Cal: 900 llHa: OH Sand: llid. B-)T 
Figure 25. 
to the top. Dielectric permittivities changed from 6. 08 at the top 
to 19.07 at the bottom of the tank (Table 13). It should also be 
noted that the velocities, thus the dielectric permittivities are 
different between the 500Mhz and 900Mhz antennas as was the case in 
the other data sets. As before, a true sense of the change in 
velocity and permittivity can be seen in the traces that move from 
the bottom of the tank to the top (Figures 26-d and 27-d). Unlike 
Figure 25, the antennas in Figures 26-d and 27-d move from bottom 
to top, as the records move from right to left. The sloping 
reflection, as found in Figure 25, is even more prominent with the 
presence of water (see Figures 26-d and 27-d). The SOOMhz antenna 
is especially interesting, as there seems to be an increase in the 
reflection time located in the middle of Figure 26-d. This 
increase appears as a small hump in the middle of the record. The 
feature is most likely due to the small amount of gas floating on 
the surface of the water. All of the above parameters are located 
in Tables 13 and 14. It should be noted there are some changes in 
the velocities and dielectric permittivities in the top and middle 
of the tank. The velocities of the signal in these areas increases 
during the duration of the experiment. This is no doubt due to the 
fact that gasoline vapors are not only moving through but also 
accumulating in the unsaturated zone. 
The last set of calibrations to be observed will be the second 
set of slug records taken after the tank system was left to 
equalize overnight. The parameters for this set are located in 
Tables 15-16 and Figures 28-29. The differences in recording 
abilities of the SOOMhz and 900Mhz antennas are very prominent in 
0 
70 
0.0222 0.51M 
Dl•lane• (ID) 
Cal: 500 IOI& Water-Ga• Sand: TOP 
a) top calibration of SOOMhz 
antenna for water-gas-sand 
0 
70 
0.0222 0.5500 
Dbrtanee (m) 
Cal: 500 MHz lrater-Oa• Saud: B01TOM 
c) bottom calibration of SOOMhz 
antenna for water-gas-sand 
Figure 26. 
-• 
..!!. 
• e 
i::: 
Dl•tanee (m) 
Cal: 500 MHs Waler-Oa• Sand: MIDDLE 
b) middle calibration-of SOOMhz 
antenna for water-gas-sand 
Dl•tanee (m) 
Cal: 1100 MHz lraler-Oa• Saud: BOT=)TOP 
d) 500Mhz scan from 
top {right to left) 
water-gas-sand 
bottom to 
for 
FleName c016CX>w .parm Top 
OCOl'flet 31000 
Rcoge 0-.) 70 
~ An'llllUde 166 CUtoft' 
Lower An'llllUde 90 
cutoff 
Top Sample 
Oliplayed 0 
Bottom San-pie 
Dlspiayed 1023 
l'Unberot 1024 Sor\'l)les/Trace 
Two.Way 
1me 0-.) 15.009 
Valodly (m/a) 1.216"10 8 
Olelec1llc 
PelITTttMly 6.08 
a) top parameters of 500Mhz 
antenna for water-gas-sand 
Ale Nome col500w.parm 
Bottom 
DC Offset 3200J 
Range (ns) 70 
Upper Ampltude 
Cutoff 156 
Lower~e 
Cutoff 100 
Top Sample 
0 Olsplayed 
Bottom Sample 
Olsplayed 1023 
Nl.mberOf 1024 Samples/Trace 
TwcrWay 26.627ns llme(ns) 
VelOclly (m/s) 6.868"10 7 
Olelecirlc 19.07 Pennlttlvlly 
c) bottom parameters of 500Mhz· 
antenna for water-gas-sand· 
FleName col500w.pa!Tn Middle 
DC Offset 31000 
Range(ns) 70 
~~ 166 
lo.ver ArTl:>llUde 
CUtolT 90 
Top Sample 
Dlspiayed 0 
Bottom Sample 
Dlspiayed 1023 
~ot 1024 Sarrplesflroce 
Two.Way 
lme(ns) 15.098 
Vetoclly (m/s) 1.211"10 8 
Dlelec111c 6.13 PemittMly 
b) middle parameters of SOOMhz 
antenna for water-gas-sand 
RleNane 
cal500w .perm 
Bot-> Top 
DCOttlet 31000 
Range (ns) 70 . 
~ ArTl:>llUde 176 
~Ampllude 80 
Top Sample 
Displayed • 0 
Bottom SOmple 
Displayed 1023 
l'Unberot 1024 Sarr(:lles/Traoe 
Two.Way 
Tme(ns) 
Vetoclly (m/s) 
Dlelec111c 
PermttMly 
d) 500Mhz scan from bottom to 
top (right to left) for 
water-gas-sand 
Table 13. 
I 
I 
0 
110 
o.022a 0.0118 
Dllltance (m) 
Cal: 900 llBs Waler-a .. Eland: TOP 
a) top calibration of 900Mhz-
antenna for water-gas-sand 
• s 
i= 
Dl•tance (m) 
Cal: 1100 llHz Wat.er-au Sand: llOTJ'Oll 
- . 
c) bottom calibration of 900Mhz 
antenna for water-gas-sand 
-• 
..! 
Dl•tance (m) 
Cal: 1100 llHz Weler-Oa• Sand: )(JJ>DL! 
b) middle calibration of 900Mhz 
antenna for water-gas-sand 
Dl1tance (m) 
CAL: 1100 llHs Water-Oa1 Sand: Bol,.)TOP 
.d) 900Mhz scan from bottom to 
top {right to left) for 
water-gas-sand 
Figure 27. 
~--------------------------
FleNc:me 
cal9Cl)w.pam 
Tep 
DCon.t 31000 
lblg9a.) eo 
=~ 176 
Lows~ IO 
Cl.far 
Tep Semple 
~ 0 
8ottan 5arT1* 
~ 10ZI 
runt.Of 102A ~
~ 1•.705 
V9loC:lly (m/I) 1.243"108 
Dleleclllc 6.11 Pamftllly 
a) top parameters of 900Mhz 
antenna for water-gas-sand 
FlleName ca191Xlw.parm Boltom 
DCC>n.t 31000 
Rangea.) eo 
=Ampllude 166 
Lower~ 
CUtoff 100 
Tep~ 
Dllplayec1 0 
aonom~ 1023 Dllplayec1 
Nu'nbel'Of 1024 ~race 
Twt>-Way 
11me<"'1 25A90 
Veloclly (m/I) 7.175"10 7 
Olaledllc 17A8 PermttMly 
c) bottom parameters of 900Mhz 
antenna for water-qas-sand 
FleNc:me ecil'lOOlol .parm Mddl9 
DCon.t 31000 
lblQ9a.> liO 
=~ 176 
Lo.ier~ 
QJkXT IO 
==-
0 
Bonam5c:sT'Qle 
tlllpOfed 
1023 
runt.Of 1024 sarr.-/Tn:x:e 
~ 1•.313 
V9loC:lly fin/I) 1.277"108 
Clelac:tdc 5.61 fWnlMY 
b) middle parameters of 900Mhz 
antenna for water-qas-sand 
Fleflbne 
cal90Cllol .parm 
Bot-> Tep 
DCon.t 32767 
Aang9 a.> !O . 
=~ 166 
Lo.ier~ 
~ 100 
TepSCJrrPe 
~ 0 
Bottom 5arr'C)le 
~ 1023 
PUT*>erOf 1024 ~iace 
~ lmen> 
Velocllv (mJI) 
Dleleclllc 
P9rmllMfV 
d) parameters of 900Mhz antenna 
for bottom to top 
(right to left) 
Table 14. 
this data set. For example, the contrasts in dielectric 
permittivities for the two antennas. The 500Mhz antenna reveals 
dielectrics from 3.97 at the top of the tank to 7.47 in the bottom 
(Table 16). The 900Mhz antenna yields dielectric permittivities 
from 7.45 at the top of the tank to 17.21 at the bottom (Table 15). 
It also should be noted, the changes in velocity and dielectric 
permi tti vi ty in the upper portions of the tank are no longer 
present, as was found in the gas and water-gas data sets. This due 
to the placement of water into the tank system from the top down. 
Thus, with the presence of water throughout the system and 
displacement of gasoline vapors in the unsaturated zone, dielectric 
permittivities are increased and wave velocities are decreased. 
The decrease in wave velocity (i.e., reflection times) is very 
prominent in Figures 28-d and 29-d. These GPR records, like the 
ones in Figures 26-d and 27-d, move from the bottom of the tank to 
the top (from right to left). The resulting reflection appears to 
be dipping stratigraphic beds, but is actually caused by the 
decrease in wave velocities as the water saturation increases. 
Note: With the increasing presence of water the signal strength 
decreased. 
Two-Dimensional Figures 
Three two-dimensional GPR records can be found in Figures 30-
32. These records are all taken from the side scans of the 900Mhz 
antenna. These scans include: dry sand, gas and sand, and water, 
gas, and sand. Note: trace 04 is near the top of the tank and 
trace 10 is near the bottom of the tank. 
color scale for the GPR signal amplitude. 
Figure 36 contains a 
0 
110 
0.0222 0.3778 
Di.t.nce. (m) 
Cal: 800 llHa Slq-2: TOP 
a) top calibration of 900Mhz 
antenna for slug 
Distance (m) 
Cal: 000 llBa Slq-2: BOTTOM 
c) bottom calibration of 900Mhz 
antenna for slug 
Figure 28. 
-• ~ 
• s j:; 
110 
0.0222 0.3822 
Dl11-nce (m) 
Cal: 000 MHa llbac-2: lllDDLI 
b) middle calibration of 900Mhz 
antenna for slug 
Dllrlenee (m) 
Cal: 000 llHa Sluc-2: BOT•)TOP 
d) 900Mhz scan from bottom to 
top (right to left) for slug 
FleNome 
eal900l2.parm FleName C0!900Q.parm Too Mlddl• 
Deon.et 32CXX) DCon..t 32000 
Acsl08er.> liO Acs'08 er.> 50 
~~ 1116 ~~ 166 
'--~ 100 I.cw.~ 100 o..on Cutoff 
Too~ 
~ 0 
lop SCJn'Clle 
OllpicJy9d 0 
Bottcm llan¥*t 
l'lllplayed 1023 eonom~ Cllplayed 1023 
l'UnbarOI 10'2.C l'UnberOt 10'2.C ~ ~rac:e 
~ 16.666 lwoJNo( Tme Cnl) 16.666 
VelocllV (mfl) 1D97"108 Veloclly (In/I) 1D97"108 
tllalec:lllc 7.47 Dlelsclllc 7.47 P9mttMly PelrritlMty 
a) top parameters of 900Mhz antenna b) middle parameters of 900Mhz 
for slug 
Fll•Narne ~ 
OCO!bet 32000 
Rongeer.) 8) 
\Jppel'~ 
curon 166 
Lower~ 
CUtott 100 
Too $omJlle 
Displayed 0 
Bottom~ 
Dllployed 10'23 
N\rnberOf 
1024 ~race 
TWo-Way 
llme(nl) 25.29.c 
Veloclly (m/a) 7.230"107 
Olelec1'lc 17.21 Permntvtty 
c) bottom parameters of 900Mhz 
antenna for slug 
antenna for slug 
FleNcme 
c:al900ll2.parm 
8ot->Too 
OCOl'bet 32000 
Range er.> 8) . 
=Arr4:>1fude 166 
Lower~ 
CUtofl' 100 
TopSerr1)1e 
~ 0 
Bottom llan¥*t 
DlsplcJfed 1023 
~or 
1024 ~race 
T~Way 
'Jtne(nl) 
Veloc:lty (m/I) 
Oleleclrlc 
PamltMly 
d) 900Mhz scan parameters 
from bottom to top 
(right to left) for slug 
Table 15. 
-! 
J 
Dlatanae (m) 
Cal: IOO IOh 8haa-2: TOP 
a) top calibration of SOOMhz 
antenna for slug 
Dl.t..noe (m) 
Cal: 100 Miis Slq-2: BOTTON 
c) bottom calibration of SOOMhz 
antenna for slug 
Figure 29. 
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i: 
Dlftance (m) 
Cal: 600 MHz Slua-2: IODDLi 
b) middle calibration of 500Mhz 
antenna for slug 
Dl•tance (m) 
Cal: 600 11811 81q-2: BOT•)TOP 
d) SOOMhz scan from bottom to 
top (right to left) for slug 
FleName 
cas!JCOl2.parm 
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for slug 
Table 16. 
Figure 30 displays two GPR records from the dry sand portion 
of the tank experiment. Note: these records are from the viewpoint 
of looking directly down onto the top of the tank. Some notable 
features of these records are the reflections from the walls of the 
tank, high frequency noise, and the reflection from the back side 
of the tank. Note the loss of negative amplitude in the bottom of 
Figure 30-b, when compared to Figure 30-a. 
Figure 31 contains two records from the gas and sand part of 
the experiment. These two records are essentially the same as what 
was found in Figure 30. Some noticeable differences are the loss 
of negative amplitude not only between Figures 31-a and 31-b, but 
also between both, Figures 3la & b and Figures 30a & b. There is 
also loss of high frequency noise. Neither trace is moving 
directly through the gas saturated zone. Al though we know from the 
calibration lines, velocities are increased due to the presence of 
gasoline vapors. 
Figure 32 shows two records from the water, gas, and sand 
fraction of the experiment. There appears to be loss of the high 
frequency noise but this may be due in part from the fact that the 
total record length (50ns) has been displayed. The amplitude 
differences between Figures 32a & b are the most distinct of all 
the GPR records. This is interpreted to be caused by the presence 
of water saturation within trace 17, thus the slowing of wave 
velocities. There are no truly distinctive changes in the records, 
but from the calibration, we know the velocity in the bottom of the 
tank has been decreased due to the water and the velocity in the 
top has been increased due to the gas vapor. 
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Three-Dimensional GPR 
The same three series of data sets are used for the 3-D 
images: dry sand, gas and sand, and water, gas, and sand. These 
3-D images are created by placing all of the individual records 
together into one 3-D image. These images can be found in Figures 
33-35. The point of view for these images is looking directly at 
one of the sides of the tank. As stated before, a color scale for 
the GPR signal amplitude is located in Figure 36. Figure 33 
contains the 3-D display for the dry sand part of the experiment. 
The important features to notice are the signal loss out the top of 
the tank, and the reflection from the back of the tank. If the 
tank was to be sealed at the top by acrylic (of equal thickness as 
the rest) the received signal would be similar to what is recorded 
in the bottom of the tank. Also note, the fact that since the 
medium of the tank is perfectly homogenous, no reflections are 
present. 
Figure 34 shows the 3-D image for the sand and gas portion of 
the experiment. We see that signal loss out of the top of the tank 
seems to be reduced. This is most likely the result of the 
increase in wave velocity due to the presence of gasoline vapors in 
the unsaturated zone. Also, as we know from the calibration, there 
is a signal increase from the gasoline saturation in the bottom of 
the tank. This can be interpreted from the image by the loss of 
noise in the bottom of the tank. 
Figure 35 consists of the 3-D record from the water, gas, and 
sand part of the experiment. If Figure 35 is compared with Figure 
34, a noticeable difference can be seen in the bottom reflections 
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of the two Figures. There is a definite decrease in wave velocity 
in the bottom of Figure 35 due to the presence of water saturation. 
As with Figure 34, there is a known increase in wave velocity (from 
calibrations) in the upper section of the image. This is 
illustrated as a sloping of the reflection in the top section of 
the 3-0 image. It should also be noted that within the bottom 
portion of the reflection from the back of the tank there is a peak 
negative amplitude. This is interpreted as the presence of the 
gasoline saturation zone upon the water table within the tank. 
To conclude, the GPR system did not readily detect (i.e., 
produce a definite reflection in all cases) the presence of a small 
amount (15 gallons) of gasoline or gasoline vapor. It was 
detectable in the fact that: wave velocities were increased on the 
order of 5.00xl06 m/s, there was a reduction of permittivities, and 
there was the presence of a peak negative amplitude within the 3-0 
water, gas, and sand image. Top and side records of the tank 
showed no "significant" reflections from the gasoline zones. 
Although, the arrival time of the bottom and back-side reflections 
did change, as illustrated in the calibrations. 
With the addition of water, wave velocities were reduced on 
the order of 5.73xl07 m/s. Thus, reflection arrival times for the 
back-side of the tank were reduced, as illustrated in the 
calibrations. It was also noted that the dielectric permittivities 
increased with the presence of water. No significant reflections 
were produced in the top or side scans from any of the water zones 
(i.e., water saturation or capillary fringe). As stated before, 
only reflection arrival times changed. 
------------ -----
The described experiment is currently being continued by Dr. 
Jeffrey J. Daniels, Professor at The Ohio State University and Mr. 
David Grumman, a Masters student in geophysics at The Ohio State 
University. The experiment will be expanded (following the above 
guidelines), to include the addition of diesel fuel in sand. It 
will also be repeated in order to replace the sand medium with a 
sand-clay mixture. 
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